The geometrical structure of electrodynamics is reviewed following the analogy with gravity. It is found that the vector potentials that represent magnetic fields can be identified as connections. As a consequence, these potentials should be assigned to the links of discretization grids. A ghost field is introduced to guarantee numerical stability in the solution scheme of solving electromagnetic field problems for interconnects and on-chip passives.
Introduction
Present-day integrated circuits are characterized by the down-scaling of device dimensions, the densification of device stacking as well as increased operation frequency. Furthermore, the integration of on-chip passive elements in the backend process of the circuit design is a continuing activity. The high density device stacking combined with a higher clock frequency leads to unprecedented design difficulties because one needs to keep parasitic couplings below prescribed threshold levels (design rules). On the other hand, the integration of on-chip passives requires a detailed knowledge of the characteristic parameters such as the capacitance, inductance and resistance. These global parameters can be regarded as effective parameters representing objects that are obtained from integrating a local, Le. space-time dependent quantity. As such, these parameters will be sensitive to the frequency under consideration.
In order to arrive at a full chip design, a hierarchical approach is advocated. The design-rule checking is done by partitioning the design into blocks and within each block one may zoom in to the critical paths and to study these sections in greater detail. The less critical parts can usually be handled by lumped-element descriptions or transmission line theory. The critical paths are sometimes referred to as 'tunnels' [IJ. At the deepest level, the simulation of the back-end structures should be done by a field-solver approach. However, the circumstances at this level are rather unconventional from a field-solvers point of view .
We will summarize here the specific difficulties that a field solver should be able to deal with. Geometry (1) The structures that appear at this level are often essentially three dimensional. As a consequence, transmission-line theory is not applicable. Geometry (2) The patterns have a width and height of comparable size. Therefore, approaches that assume infinitely thin metallic layers are not justified from first principles. Materials (1) Metallic patterns will have finite resistivity and therefore the currents will flow with different densities in the metalic parts. These currents distributions are further modified by the skin effect and proximity effects if the frequency increases. Materials (2) Semiconducting materials are moderately conducting. This has a serious impact on the determination of effective parameters. The slow-wave mode is a consequence of putting a thin oxide layer between the metallic conductor and the semiconducting material.
Considering all the requirements listed above, we discuss in this paper a novel approach. Instead of building on existing approximation schemes derived from Maxwell's equations, we choosed to return to the Maxwell equations and to develop a solution scheme capable if dealing with the above problems. In addition it proves beneficial not only to return to the Maxwell equations, but also to carefully trace the physics that is hidden in the various symbols. In particular, the 'physical' identification of the vector potential is crucial for a successful numerical implementation. There exists an intimate connection between differential geometry and electrodynamics that we have to exploit in order to perform this task .
The geometry of electrodynamics
Electrodynamics was discovered as a phenomenological theory. Starting from early experiments one arrived after considerable effort at Gauss' law, Biot-Savart's law and Faraday's law of induction. Only Maxwell's law was obtained by theoretical reasoning and later experimentally confirmed by Herz. Maxwell's great achievement was later equalized by Einstein who proposed in the general theory of relativity that gravity == curvature. Ever since Einstein's achievement of describing gravity in terms of non-Euclidean geometry, theoretical physics has witnessed a stunning development based on geometrical reasoning resulting into the gauge theories having a geometrical interpretation very analogous to Einstein's theory of gravity. Electrodynamics is the low-energy limit of these gauge theories. Besides the aesthetic beauty that results from these insights, there is also pragmatic benefit. Solving electrodynamic problems on the computer, guided by the geometrical meaning of the variables is a decisive factor for the success of the calculation. This was already realized by Wilson [2J who initiated computer calculations on the quantum aspects of gauge theories. In order to perform computer calculations of the classical fields, geometry plays an equally important role as will be shown here.
